A new approach for light coupling between wire dielectric and photonic crystal waveguides, is investigated to optimize the transmission spectrum around 1550 nm. The approach is successfully proposed for input and output coupling with waveguides of arbitrary width, even much larger than the single line defect photonic crystal waveguide. It is shown that the displacement across the interface of the inner hole rows of the photonic crystal waveguide considerably enhances the coupling, resulting in transmission values higher than 90% over bandwidths of hundreds of nanometers.
INTRODUCTION
Photonic crystal waveguides (PCWs) are very interesting for optical signal manipulation being able to provide the platform for micro-and nano-size integrated devices [1] . However, to achieve commercial viability, planar photonic crystal technology has still to match stringent specifications [2] . In this frame one important issue is to connect PCWs to optical fibers and, first of all, to conventional dielectric waveguides. The design of devices devoted to solve the problem, such as tapers, is complicated by the high insertion losses and reflections that usually occur at the interface between the two different type of guides. When considering PCWs given by etching air hole into solid substrate, many tapering structures have been proposed [3] [4] [5] [6] , whose transmission spectra, however, are characterized by strong oscillations and dips given by the so called mini-stopbands [7] . This aspect can be detrimental, for example in WDM system applications.
In this paper the coupling between PCWs and standard dielectric waveguides is discussed and investigated in order to achieve high transmission spectra, as flat as possible in a wide wavelength range around 1550 nm. The attention is focused on structures with a triangular lattice of air holes etched into the GaAs substrate. The position of the holes in the first rows which define the PCW boundaries is shown to be crucial to optimize both in-and out-coupling. In particular, their displacement across the input and output interfaces can provide transmission spectra higher than 90% over bandwidths of hundreds of nanometers, thus considerably improving butt coupling efficiency and avoiding dips which pollute the transmission spectra of solutions previously proposed.
All the structures analyzed in this work have been simulated by means of a numerical approach based on the Finite Element method in Time Domain (FE-TD) whose details are given in [8] . The FE-TD code has been implemented in C language and the typical computational time on 933 MHz Pentium III personal computer is about 15 minutes for a simulation of 200 time steps on a mesh of almost 200.000 nodal points. The related maximum memory occupancy is 97 MB.
BUTT COUPLING
A schematic of the structure under investigation is reported in Figure 1 . The characteristic parameters of the PCW have been assumed by a real PCW manufactured by etching air holes through a GaAs slab. In particular Λ = 430 nm is the period of the triangular lattice, the air hole diameter is d = 258 nm while the input waveguide and the PCW substrate refractive index is equal to 2.94 [9] . For the transverse magnetic (TM) polarization, i.e. with the magnetic field perpendicular to the semiconductor surface, this lattice has a complete band gap in the wavelength range 1.3773 µm < λ < 1.7653 µm, thus a line defect introduced to realize the PCW allows light propagation in the third window. In particular, given the cited band gap, all simulations have been done for pulses propagating in W1 waveguides ad the resulting transmission spectra have been considered from 1.4 µm to 1.7 µm. Wn denotes a PCW formed by removing n rows of air holes in the periodic array structure [4] . The coupling efficiency has been investigated by launching a TM gaussian pulse along the input waveguide and by sampling it after the photonic crystal, in the output waveguide. ICTON 2005
Figure1. Schematic of butt coupling between the photonic crystal waveguide and the input and output conventional dielectric waveguides; w is the input waveguide width.
In general, the electromagnetic field coming from the wire waveguide and impinging into the PCW undergoes considerable losses due to scattering and reflections which arise in the transition region between the two guides. These losses are mainly related to the different spatial mode profiles sustained by the two waveguides and to the impedance mismatch at the interface, caused by the different core sizes and also by the photonic crystal, whose average refractive index is higher than the air one. These problems can be partially overcome firstly by choosing similar waveguide widths, in order to match the field profiles as much as possible, and secondly by increasing the air fraction of the photonic crystal in the transition region to reduce the impedance mismatch. Following these guidelines, the input slab width has been chosen as w = 3 Λ, and half air holes have been inserted at the air-photonic crystal interface, as can be observed in Figure 1 . In this condition, a direct butt coupling allows the computed transmission spectrum to achieve values between 90% and 97% in the whole 1.5 µm -1.6 µm wavelength range. Further improvements have been also discussed in [10] [11] . This considerable good result, however, only applies to input waveguides whose width is comparable to the dimension of a single line defect PCW, i.e. a W1 waveguide. In the considered case the width w of the input waveguide is only 0.744 µm while, in standard dielectric waveguides, it can be considerably larger. Unfortunately, when considering larger dimensions, other problems arise. For example, it has been checked that a direct butt coupling between a waveguide of w = 2 3 Λ = 1.49 µm and a W3 PCW still produces very high transmission values, over 90%, but the spectrum is characterized by a deep and large dip around λ = 1.5 µm. This mini-stop-band reduces the field transmission down to values of about 10% and always occurs for direct butt-coupling with Wn PCWs when n > 1. The dip disappears directly coupling the wire waveguide to a W1 PCW and the transmission spectrum is quite flat, but with very low values, around 70%. These preliminary considerations show that it is necessary to consider coupling structures able to cope with input as well as output waveguide of arbitrary dimensions.
DESIGN OF COUPLING INTERFACE
To solve the cited problem, a slow transition between the width w and the dimension of the W1 PCW has been investigated by gradually varying the diameter of holes as shown in Figure 2 , and by shifting their distance ∆l with respect to the interface of the input standard waveguide [5] . The taper is composed of seven holes, whose diameter progressively decreases in 20 nm steps. Results show that the oscillation can be considerably reduced and shifted in the shorter wavelength range by moving this transition region close to the input waveguide. In particular, when the transition region starts at a distance from the interface equal to one period, ∆ = Λ, a flat and over 90% transmission spectrum is obtained in the range 1.48 µm -1.60 µm. The presence of the half air holes in the out-coupling section is also very important being able to provide an average 3% improvement of the transmission spectrum values. However, the important aspect to be noted from results reported in Figure 2 is that the strong transmission dips shift to lower wavelengths as the taper advances towards the interface. Thus the new and simple idea has been to check the device when the taper is inserted directly inside the wire waveguide. Several positions have been investigated and the optimum advancement value of the taper is found to be equal to ∆l = -3Λ from the interface, with the structure depicted in Figure 3 . Beyond this value dips from higher wavelengths are pushed down into the transmission band, without a further enhancement. This permits to push the dips completely outside the 1.4 µm -1.7 µm band, achieving transmission values higher than 90% in the whole 1.4 µm -1.65 µm range. Tu.P.1 The same approach has been applied to a wider input waveguide, w = 3 3 Λ, obtaining very good coupling by advancing the taper by ∆l = -5Λ and ∆l = -4Λ from the interface, as shown in Figure 4 . In this way the transmission spectrum is around 85% and dip free. These very good performances can be achieved because, by placing the air holes farther from the interface, the field starts to focus in the wire waveguide, still being the air holes small enough to avoid abrupt and significant effective index perturbations. This reduces reflection and scattering as the field reaches the interface border. The transmittivity decrease noticed near the top of the band, around 1.7 µm, is mainly due to the output transition, still given by a butt-coupling to a standard dielectric waveguide. In fact, assuming w = 2 3 Λ, by providing a symmetric structure, that is two equal input and output tapers, the transmission values are higher than 95% over more than 150 nm and higher than 90% on the whole band. The same results also apply for a symmetric structure coupled with a dielectric waveguide having width w = 3 3 Λ. The transmission values increase over 90% for a 200 nm band, showing again the effectiveness of the proposed approach. These structures have been successfully designed also to couple wire waveguides with different dimensions by considering PCWs with different sections at the input and the output ports, like, for example, a W1 PCW coupled in and out to wire waveguides with w = 2 3 Λ and w = 3 3 Λ, respectively. Related results will be shown at presentation time. 
CONCLUSIONS
It has been proved that, by shifting the first rows of holes which define the PCW boundaries across the interfaces between conventional dielectric waveguides and PCWs, the coupling efficiency can be considerably improved. The final structures are simple and straightforward, as they just require to etch air holes in the input and output waveguides, as already done for the PCW itself. Input and output ports with different dimensions have been successfully coupled with W1 PCWs, providing actual examples of the proposed design solutions.
